The cornified layer is a compacted lattice of lipid-embedded corneocytes that provides an organism's barrier to the external environment. Cornification is the final differentiative step for epidermal keratinocytes and involves dramatic cell condensation before death. Using conditional gene deletion in mice, we identified the transcriptional repressor Blimp-1 (B lymphocyte-induced maturation protein-1) as an important regulator of keratinocyte transition from the granular to the cornified layer. More than 250 genes are misregulated in conditional knockout epidermis, including those encoding transcription factors, signal transduction components, proteinases, and enzymes involved in lipid metabolism. Steady-state mRNA and ChIP analyses of a subset of these genes provide evidence that nfat5, fos, prdm1, and dusp16 are novel direct targets of Blimp-1. Identifying nfat5 as a target of Blimp-1 repression indicates that cornification involves suppression of normal osmotic regulation in granular cells. Consistently, conditional knockout mice have delayed barrier formation as embryos, enlarged granular layer cells and corneocytes, and a morphologically abnormal cornified layer. These studies provide insight into cornification, identifying transcriptional regulatory circuitry and indicating the importance of blocking osmotic homeostasis.
T
he critical barrier between higher organisms and their terrestrial environment is formed by the process of cornification, a complex program of epidermal keratinocyte differentiation, generating a layer of structurally reinforced, dead, anuclear corneocytes embedded into a lipid matrix [reviewed by Candi et al. (1) and Segre (2) ]. Although molecular events in cornification are under intense study, its transcriptional regulation is not well understood. We report that B lymphocyte induced maturation protein-1 (Blimp-1) is a critical regulator of maturation of granular layer cells to form corneocytes.
Blimp-1 is a transcriptional repressor expressed in multiple embryonic tissues (3) and in a subset of differentiated cells in adult animals. It is required at various stages of early embryonic development in Drosophila melaganoster (4) , Xenopus laevis (5), zebrafish (6, 7) , and mice (8) . In adult mice, it is best characterized in lymphocytes where it is required and sufficient for terminal differentiation of B cells to plasma cells (9) . In the T lymphocyte lineage, Blimp-1 is required for peripheral T cell homeostasis and differentiated effector and regulatory function (10, 11) .
Immunohistochemistry showed abundant Blimp-1 in various epithelial tissues of mice (D. Chang and K.C., unpublished work) (12) , and a role for Blimp-1 in sebocyte differentiation was reported recently (13) . Here, we explore the role of Blimp-1 in mouse epidermal keratinocytes. Blimp-1 is specifically expressed in granular layer keratinocytes, the most differentiated corneocyte precursors (1) . Conditional epidermal deletion of prdm1, the gene encoding Blimp-1, causes not only defective differentiation of sebocytes but also severe defects in terminal differentiation of epidermal keratinocytes, which lead to a delay in the formation of the epidermal permeability barrier, hyperkeratinization, and abnormal desquamation. The granular layer of neonatal epidermis is expanded and contains abnormally enlarged keratohyalin granules. More than 250 genes regulated by Blimp-1 in the epidermis were identified, including four direct targets of Blimp-1 repression: nfat5, fos, dusp16, and prdm-1 itself. NFAT5 (nuclear factor of activated T cells 5) is ubiquitously expressed and normally activated during osmotic stress to restore normal water content (14) . Our discovery of Blimp-1-dependent repression of nfat5 reveals, to our knowledge, previously unknown molecular events involved in the control of water homeostasis during normal cornification.
Results

Blimp-1 Is Expressed in Terminally Differentiated Keratinocytes.
There is a striking correlation between Blimp-1 expression and terminal differentiation of mouse and human keratinocytes. Blimp-1 protein was expressed in the epidermal granular layer ( Fig. 1 A-C) and the inner root sheath of the hair follicle [supporting information (SI) Fig. 5 ], consistent with previous reports (3, 13) . In addition, we found Blimp-1 in the hair follicle companion layer (data not shown) and mature sebocytes ( Fig. 1  A and D) . Consistent with expression in other tissues (12), Blimp-1 was exclusively nuclear and was identical between mouse and human.
Prdm1 Was Deleted in Keratinocytes.
To test the role of Blimp-1 in epidermis, we crossed prdm1 flox/flox mice (15) to mice expressing Cre recombinase under the control of the human keratin-14 promoter (K14-Cre) (16) to achieve epidermis-specific deletion of prdm1. Efficient deletion of the floxed sequence was confirmed by immunohistochemical staining, immunoblotting, and quantitative PCR (SI Fig. 6 A-D 6 E and F) . Hair emerged on the surface of the CKO mouse skin 2 days later than in the wild-type littermates (SI Fig. 6 E and F) , but by day 10 the CKOs were indistinguishable from controls with respect to hair growth. By 3 weeks postpartum, CKO mice were scratching incessantly, gradually causing ulceration and hair loss (SI Fig. 6 G-I) . All of the CKO mice (n ϭ 14) that lived to 14 weeks of age developed scarring, which was absent in all WT (n ϭ 16) littermates. Accompanying scratching was the generation of severe splenomegaly and enlarged lymph nodes (data not shown); the degree of enlargement of the lymphoid organs correlated with the degree of scarring.
Multiple Defects Are Present in Epidermis of Blimp-1 CKO Animals.
The cornified layer of day-1 CKO neonates was abnormally compacted, lacking the normal ''basket weave'' appearance (Fig.  1E ). This abnormal compaction persisted into adult life where hyperkeratinization was evident by the presence of a large amount of cornified layer-derived debris attached and adjacent to the epidermal surface of the CKO animals (Fig. 1H) . On days 4-8 the CKO epidermis was hyperplastic. Staining for the proliferation marker Ki67 at day 8 showed an increase in the number of proliferating basal cells and also spurious proliferation of suprabasal cells (Fig. 1G) . Because Blimp-1 is not expressed in basal keratinocytes, this increase in proliferation is probably secondary to other defects of the CKO epidermis. The hyperplastic phenotype was not observed in day-15 or older CKO animals (data not shown).
By day 15 the sebaceous glands of the CKO epidermis were significantly enlarged, consistent with a previous report (13) (data not shown). Furthermore, by day 29, the hair follicle infundibulum was hyperkeratinized (Fig. 1H) . The combination of enlarged sebaceous glands and hyperkeratinization of the infundibulum is probably responsible for the accumulation of sebum, generating a cyst-like structure that proved to be filled with lipid when stained with the lipophilic dye Oil Red O (SI Fig.  7 A and B) .
There was also a delay in the initiation of the first hair cycle. At day 29, in the WT skin the hair follicles were already in advanced stages of anagen, whereas the hair follicles in the CKO skin were either still in telogen, the resting phase of the hair cycle, or had just initiated the anagen phase, thus being 4-5 days behind the normal cycle (SI Fig. 7 C and D) .
Overall, the epithelial compartment in the Blimp-1 CKO animals showed multiple defects in terminal differentiation, including a abnormal cornified layer and hyperkeratinization of the hair follicle infundibulum.
The Granular Layer Is Abnormally Expanded in CKO Epidermis. Based on the restricted expression of Blimp-1 in the epidermal granular layer and the apparent defects in formation of the cornified layer, we focused further analysis of the CKO animals on maturation of granular layer cells to form corneocytes. The developmental status of the viable layers of the epidermis was assessed by staining for differentiation markers of suprabasal layers. Keratin-1, a marker for all suprabasal cells, showed no difference between control and CKO epidermis in newborn mouse skin (data not shown). However, analysis of loricrin, a marker of the granular layer, revealed that at day 1, the number of loricrin-positive cell layers in the CKO epidermis was twice that of littermate controls (4-5 versus 2-3 layers) (Fig. 2 A) . This difference became more prominent on day 8 ( Fig. 2B ) and persisted over at least 25 days (Fig. 2C) . Expansion of the granular layer, at postnatal day 1 in the absence of suprabasal hyperplasia, is consistent with the idea that the cornification of the CKO epidermis is impeded, thus leading to an accumulation of granular layer cells before their progression to the cornfied layer.
To explore this defect further, the ultrastructure of the epidermis of CKO and control neonates was compared by using transmission electron microscopy. Consistent with the loricrin expression data, the number of keratohyalin containing cells was greatly increased in the CKO (Fig. 2D) . Furthermore, both the size and the number of filaggrin-containing granules (Fgranules) and loricrin-containing granules (L-granules) were increased ( Fig. 2 D and E) . Interestingly, the size of the F-granules appeared similar in lower granular layer cells of the CKO and WT, but in the CKO the granules continued to increase in size in cells positioned closer to the surface (Fig. 2D) , indicating a defect in progression of granular cells to become corneocytes. There were no apparent abnormalities in keratin filaments, desmosomes, lamellar granules, cornified cell envelopes, and cornified layer intercellular lamellae in CKO epidermis (Fig. 2 F and G) . Also evident from the electron micrographs was the increased size of both granular layer cells and the cells of the lower cornified layer (Fig. 2H) . These results provide strong evidence of impeded progression of granular layer cells to become corneocytes in the Blimp-1 CKO epidermis, characterized by an increased number of granular layer cells and enlargement of both granular layer cells and corneocytes.
Barrier Formation Is Delayed in Blimp-1 CKO Embryos. The cornified layer, which comprises the epidermal permeability barrier, forms between embryonic days 16.5 and 18.5 (E16.5 and E18.5) (17) . Based on the delayed formation of corneocytes in neonates and older CKO animals and the fact that Blimp-1 is expressed in the granular layer of E17 embryos (3), we tested whether barrier formation was delayed during embryonic development of the CKOs. The presence of a permeability barrier was detected by using an X-gal penetration assay at E17.5 (17) . In eight of nine controls significant and nearly complete barrier formation was observed. However, in all eight CKO embryos barrier formation was minimal or completely absent (Fig. 3) . Barrier formation was complete in CKO neonates tested a few hours postpartum (data not shown). Thus, although the barrier forms in the absence of Blimp-1, formation is delayed, consistent with delayed cornification after birth.
Blimp-1 Regulates Multiple Genes in Epidermis.
To elucidate the molecular mechanism of Blimp-1 action in epidermal keratinocytes, we performed gene expression profiling on epidermis from day-1 neonates. At this time, scratching and inflammation
are not yet present, sebaceous glands have not formed, and potential compensatory effects, because of the adjustment of CKO animals to terrestrial environment, were less likely to be induced. More than 250 genes were differentially expressed between the CKO and littermate control epidermis (SI Table 1 ). Differentially expressed genes with known functions that have potential roles in keratinocytes are shown in SI Table 2 . They were grouped into categories of transcription factors, structural genes of the cornified cell envelope, genes involved in lipid metabolism, genes encoding proteinase cascade components, including the genes encoding the proteases Pace4 (1.89-fold) and MT-SP1 (1.43-fold) that are involved the processing of Filaggrin (18, 19) , genes involved in signaling, including dusp16 (1.43-fold), metabolic genes, and genes encoding membrane transporters. Thirteen of these genes, selected to cover a range of differential expression ratios, were further validated by quantitative RT-PCR. All but one showed differential expression with P Ͻ 0.05 (SI Table 3 ). Of particular note, several transcription factors, including nfat5 (1.29-fold), prdm1 (6.77-fold), and fos (1.49-fold), were increased in the CKO, consistent with similar observations in B cells (20) and the concept that Blimp-1 regulates transcriptional cascades. In addition, six late cornified envelope (lce) genes, four of which are known to be specifically expressed in epidermis, require Blimp-1 for normal expression. One other lce not normally expressed in epithelia was elevated in the CKO, possibly as a compensatory mechanism. Interestingly, eight solute carrier membrane transproter genes (slc) showed elevated expression in the CKO epidermis, and of those, the one with the greatest elevation, slc6a12 (3.14-fold), is known to be directly activated by NFAT5. These data reveal that epidermal expression of a large number of genes, including many genes thought to be involved in late keratinocyte differentiation, depend on Blimp-1. Table 1 that had elevated expression in the CKO to find matches to the Blimp-1 consensus binding sequence (21) , with a preference for sites conserved between mouse and human. Consensus binding sites were found in six genes (dusp16, elf5, fos, nfat5, prdm1, and sprr1a) and analyzed for binding of Blimp-1 in vivo by using ChIP. GFP-tagged Blimp-1 or GFP alone was expressed by lentiviral infection in the human HaCaT keratinocyte cell line, and ChIP was performed with an antibody to GFP. The previously identified Blimp-1 binding site 290 bp 5Ј of the myc P1 transcriptional start site was a positive control (22) ; regions lacking any Blimp-1 consensus in the insulin promoter and in the fos gene served as a negative controls. Quantitative PCR analysis of the immunoprecipitated DNA revealed Blimp-1 binding to one site in intron 2 of nfat5 (at position ϩ2120 relative to the transcriptional start site), two conserved sites upstream of fos (Ϫ3800 and Ϫ1895) and one nonconserved in the fos promoter (Ϫ279), one site in the dusp16 promoter (Ϫ213) and one in dusp16 intron 1 (ϩ28,106), and finally, one site in intron 2 of prdm1 (ϩ2274). No binding was observed in the negative controls, in sites in sprr1a and elf5 or in some putative binding sites in the other genes tested (Fig. 4A) .
To ensure the binding we observed was not an artifact of lentiviral expression, we also performed ChIP for endogenous Blimp-1 on primary mouse keratinocytes induced to differentiate by elevation of calcium levels to 1.2 mM for 48 h. Immunoprecipitations were performed using either an antibody to Blimp-1 (21) or preimmune serum as a negative control. Analysis by quantitative PCR revealed that, consistent with the ChIP performed by overexpression of Blimp-1 in HaCaT cells, Blimp-1 bound to the same conserved sites in intron 2 of nfat5 (ϩ3500), the dusp16 promoter (Ϫ156), and one conserved site upstream of fos (Ϫ5000). Blimp-1 also bound to one of two conserved consensus binding sites in intron 2 of prdm1 (ϩ2870) (Fig. 4B) . These data, combined with the microarray and quantitative mRNA analyses, provide stong evidence that nfat5, fos, dusp16, and prdm1 are directly repressed by Blimp-1 in both human and murine keratinocytes.
Discussion
This work identifies the transcriptional repressor Blimp-1 as an important and previously unknown regulator of terminal differentiation in epidermal keratinocytes and provides insights into the transcriptional control of granular cell maturation to corneocytes. More than 250 genes were misregulated in CKO epidermis, revealing Blimp-1-dependent regulation of late cornified envelope genes, osmolyte membrane transporters, transcription factors, growth factors and cytokines, proteases, and proteins involved in lipid metabolism and signal transduction (SI Table 2 ). Four direct targets of Blimp-1-dependent repression were identified: nfat5, fos, dusp16, and prdm1 (autoregulation). (Fig. 1 A-C and SI Fig. 5 ), they did not report Blimp-1 expression in mature sebocytes ( Fig. 1 A and D) . Furthermore, the phenotype of the CKO mice reported here is more severe than that reported by Horsley et al. The reasons for these discrepancies are not clear, but may include the usage of different antisera to detect Blimp-1 expression, use of different alleles to obtain epidermis-specific deletion of prdm1, or mouse strain differences, resulting in different genetic backgrounds.
A transcript from prdm1, 5Ј to the deleted region, was highly increased in the CKO in our expression profiles (6.7-fold) (SI Tables 1 and 2 and SI Fig. 8 ), providing strong evidence that Blimp-1 autorepresses its own expression. There is no evidence that the truncated transcript encodes a protein, because no Blimp-1 protein was detected in sections or immunoblots of CKO epidermis using a mAb for Blimp-1 that would have detected such a product (SI Fig. 6) . A prdm1 probe located directly within the deleted region gave only a background signal in the CKO, consistent with efficient deletion (SI Figs. 6 and 8 and SI Tables 1 and 2 ). Our data suggest that Blimp-1 autorepression occurs by both direct and indirect mechanisms. Binding of Blimp-1 to a site in intron 2 of the gene (Fig. 4) provides evidence of direct repression, whereas repression of fos is predicted to decrease the levels of AP-1, an activator of prdm1 (23) . Although the biological significance of autorepression is not clear, Blimp-1 can be toxic (24) , and we have subsequently also observed autoregulation in the T cell lineage (K.C. and L. Cimmino, unpublished work), suggesting a generalized mechanism.
Dusp16 appears to be a direct target of Blimp-1 repression (SI Table 2 and Fig. 4) . Dusp genes are negative regulators of MAPK signaling (25) , and MAPK affects many aspects of keratinocyte differentiation and survival (26) . Furthermore, Ancelin et al. (27) found that Blimp-1 bound to dusp2, suggesting Blimp-1 may enhance MAPK signaling by repressing various dusp genes.
Blimp-1 represses fos, a component of the AP-1 transcription factor complex (SI Table 2 and Fig. 4) . Although fos Ϫ/Ϫ mice have no epidermal phenotype, presumably because of redundancy of Fos-related proteins, mice expressing a keratinocytespecific v-fos transgene show that repression of fos in the epidermis is important (28) . v-fos transgenic mice and Blimp-1 CKO mice both have elevated fos levels and have strikingly similar phenotypes (SI Table 2 , SI Fig. 6 , and Figs. 1 and 2 ), including hyperplasia, hyperkeratosis, alopecia in areas of mechanical stress, and development of a very prominent granular layer (28) . Thus, a part of the Blimp-1 CKO phenotype probably results from a failure to repress fos transcription in the granular layer.
Importantly, our work identified transcription factor NFAT5 as a target of Blimp-1 repression during keratinocyte maturation (SI Table 2 and Fig. 4 ). NFAT5 is ubiquitously expressed and is the only NFAT family member not activated by calcium. Furthermore, it is the only mammalian transcription factor known to be induced in response to hypertonicity (14) . NFAT5 activates transcription of osmocompensatory genes, including a number of membrane transporters. These transporters facilitate the flow of compatible osmolytes across the plasma membrane, thereby causing water uptake into the cell, restoring normal osmolarity, and promoting cell survival. This osmotic flux of water concurrently changes cell volume (14) . Consistent with lack of Blimp-1-dependent repression of nfat5, electron micrographs of the CKO epidermis show that both the granular layer cells and corneocytes have an increased cell size compared with controls, suggesting that normal cell volume regulation is defective (Fig.  2H) . Furthermore, mRNA levels for several osmolyte transporters were increased in the CKO epidermis in our expression study, with a previously identified direct target of NFAT5, slc6a12, showing the greatest increase (3.14-fold) (SI Tables 1 and 2) .
Measurements of water concentration in human epidermis have revealed a dramatic reduction in water content at the granular-cornified layer interface, compared with that of the spinous layer (29, 30) , effectively exposing the granular layer cells to constant hyperosmotic stress. Based on our results, we suggest a model in which Blimp-1 would inhibit the normal cellular response to osmotic stress by repressing nfat5, thereby preventing an NFAT5-dependent increase in intracellular osmolytes and the subsequent water uptake. Therefore, differentiating Blimp-1 Ϫ/Ϫ keratinocytes would not lose water normally, resulting in the observed cell volume increase (Fig. 2H) . Blimp-1-mediated transcriptional repression of nfat5 may facilitate osmotic stress-driven death of granular cells and their concomitant cornification as a final step of epidermal keratinocyte differentiation. Indeed, early experiments studying the terminal differentiation of cultured human epidermal cells showed that exposing the cells to high concentrantions of NaCl effectively promoted cell envelope formation (31) . No epidermal abnormalities were reported in nfat5 knockout mice (32) , which is consistent with our model, where nfat5 expression would need to be repressed to block a normal hypertonic response at the granular-cornified layer interface.
Taken together, our data demonstrate that Blimp-1 plays critical roles in terminal differentiation of epidermal keratinocytes and identify genes that depend on Blimp-1 for their appropriate expression in epidermis. Identification of osmoregulator nfat5 as a target of Blimp-1 repression and elevated expression of both nfat5 and NFAT5 target slc6a12 in CKO epidermis provide a coherent molecular mechanism to explain, at least in part, the delayed barrier formation, enlarged granular layer cells, and abnormal cornified layer observed in CKO mice. These observations suggest the transcriptional control of cellular water content as prerequisite for maturation of granular keratinocytes to corneocytes. The data also provide a basis for future molecular studies into mechanisms of normal skin cornification and skin cornification disorders. Histology. Human and mouse skin specimens were fixed overnight in 10% neutral buffered formaldehyde at pH 7.4 before paraffin embedding sectioning and staining in H&E at the histology core facility at Columbia University. Specimens from three animals of each genotype were analyzed at each age.
Materials and Methods
Immunostaining. Details for immunohistocheimisty and immunofluorescence staining are described in SI Text.
Electron Microscopy. Small pieces of skin samples were fixed in half-strength Karnovsky fixative, followed by fixation in 1% osmium tetroxide in distilled water. After en bloc staining with uranyl acetate, specimens were dehydrated in ethanol and embedded in Epon812 (Taab, Berkshire, U.K.). Ultrathin sections were stained with uranyl acetate and lead citrate. For visualization of membrane structures in the cornified layer, ruthenium tetroxide postfixation was used as described (33 Dye Penetration Assay. Dye penetration assay was performed on embryos or neonates as described (17) .
Cells and Constructs. Lentivirus was generated by transfecting 293T fibroblasts with packaging vector pCMV-deltaR8.9 (34), pMD.G encoding the vesicular stomatitis virus G protein, for pseudotyping (35) , and either FUGW (34) expressing GFP alone or FUW-PRDI-BFI-GFP (36) . HaCaT keratinocytes were subsequently infected with the lentivirus and harvested for ChIP 48 h postinfection. Primary mouse keratinocytes were harvested from neonates essentially as described (37) and cultured in Keratinocyte SFM (Invitrogen, Carlsbad, CA). At confluence CaCl 2 was added to the media to a final concentration of 1.2 mM for 48 h.
